The monoamine serotonin (5-hydroxytryptamine, 5-HT), a well-known neurotransmitter, also has important functions outside the central nervous system. The objective of this study was to investigate the role of 5-HT in the proliferation, differentiation, and function of osteoblasts in vitro. We treated rat primary calvarial osteoblasts with various concentrations of 5-HT (1 nM to 10 mM) and assessed the rate of osteoblast proliferation, expression levels of osteoblast-specific proteins and genes, and the ability to form mineralized nodules. Next, we detected which 5-HT receptor subtypes were expressed in rat osteoblasts at different stages of osteoblast differentiation. We found that 5-HT could inhibit osteoblast proliferation, differentiation, and mineralization at low concentrations, but this inhibitory effect was mitigated at relatively high concentrations. Six of the 5-HT receptor subtypes (5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2B , and 5-HT 2C ) were found to exist in rat osteoblasts. Of these, 5-HT 2A and 5-HT 1B receptors had the highest expression levels, at both early and late stages of differentiation. Our results indicated that 5-HT can regulate osteoblast proliferation and function in vitro.
Introduction
Bone remodeling is a highly regulated process that requires a tight coupling of bone formation with resorption to maintain skeletal mass. Imbalances in bone formation and resorption lead to pathological conditions such as osteopenia, osteoporosis, and osteomalacia. Bone mass and osteoblast activity, as well as proliferation and differentiation of osteoblast precursors, are regulated by many factors, including hormones and locally produced growth factors and cytokines, which respond to hormonal activation (1) (2) (3) (4) .
In recent years, the neurotransmitter serotonin (also known as 5-hydroxytryptamine, 5-HT) was discovered to be involved in bone metabolism. Clinical observations suggest that 5-HT might be associated with bone mass. Selective 5-HT reuptake inhibitors (SSRIs) are routinely used to treat depression in adults (5), children, and adolescents (6) (7) (8) . SSRIs hinder the 5-HT transporter from taking up 5-HT from the synaptic space, thus increasing extracellular levels of 5-HT. It has been reported that patients taking the SSRI fluoxetine appear to have an elevated risk of fracture (9) (10) (11) (12) (13) (14) (15) (16) . Consistent with this finding, serum 5-HT was reported to be inversely correlated with femoral neck total and trabecular volumetric bone mineral density (7) . Functional serotonergic pathways in bones (17) (18) (19) may enable 5-HT to influence skeletal biology. These observations suggest that there may be an important relationship between 5-HT and bone remodeling.
Reports of the effects of 5-HT on bone are conflicting. Yadav et al. (20) reported that 5-HT acted on osteoblasts via the 5-HT 1B receptor to inhibit their proliferation, while many other researchers found that 5-HT had an opposite effect (18, 19, (21) (22) (23) (24) (25) (26) . The reason for this inconsistency is unknown. The purpose of the present study was to explore the possible physiological roles of 5-HT in bone metabolism. Our data suggest that 5-HT plays a significant role in the regulation of bone biology in vitro.
Material and Methods

Ethics statement
All experimental procedures involving animals were performed in accordance with the protocols approved by the Experimental Animal Ethics Committee of Nanjing Medical University, China, and conformed to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (USA). All efforts were made to minimize suffering.
Isolation, culture, and preparation of rat calvarial osteoblasts Primary osteoblasts were isolated by collagenase digestion from calvariae of Sprague-Dawley rats that were 1-2 days old. Osteoblasts were grown in complete medium, i.e., a-minimal essential medium (HyClone, USA) supplemented with 10% fetal bovine serum (FBS; HyClone), 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Gibco, USA). Because FBS is known to contain relatively high levels of 5-HT from platelet lysis (approximately 300 ng/mL by enzyme-linked immunosorbent assay, ELISA) (27), 5-HT was stripped from the FBS by incubation with dextran-coated charcoal (Sigma, USA). The concentration after treatment was confirmed by high performance liquid chromatography to be below 1 pM in the medium containing 10% FBS. All the operations involving 5-HT needed to be protected from light, because 5-HT is an unstable compound and decomposes quickly.
Osteoblasts at passage 3 were used to perform all cell studies and were divided into six groups, which were cultured in the presence of various concentrations of 5-HT (Sigma): 0 M (control group) and 1 nM, 10 nM, 100 nM, 1 mM, and 10 mM (experimental groups). After attachment, the osteoblasts were serum starved for 12 h prior to experiments. 5-HT was then added, beginning on day 1. After the cells reached confluence, at approximately day 5, the complete medium was replaced with a differentiation medium (complete medium containing 50 mg/mL ascorbic acid, and 10 mM b-glycerophosphate, Sigma) for appropriate mineralization.
Cell proliferation assay
Cell proliferation was determined using the Cell Counting Kit-8 (CCK-8; Dojindo, Japan) as described elsewhere (28) . Osteoblasts of passage 3 were cultured for 2 days with 5-HT prior to CCK-8 assay. Absorbance (optical density, OD) at 450 nm was measured with a microplate spectrophotometer (BioTek, USA). Cell number was correlated with OD values. The cell proliferation rate was calculated as a percentage as follows: (OD serotonin -OD blank )/(OD control -OD blank )6100.
Quantitative real-time RT-PCR analysis
The level of type I collagen (col1a1) mRNA was examined by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) analysis on day 5. RNA isolated from cells cultured with 5-HT was concentrated using a NanoDrop 2000 microvolume spectrophotometer (Thermo Scientific, USA), and cDNA was synthesized using M-MuLV reverse transcriptase (Fermentas, USA). PCR was performed using a Power SYBR Green PCR Master Mix (Applied Biosystems, USA) on a Real-Time Thermal Cycler apparatus (Mastercycler ep realplex; Eppendorf, Germany). The relative level of expression for the target gene was normalized by the housekeeping gene GAPDH and calculated using the 2 -DDCt relative quantification method, as described previously (29) . Primer sequences for each gene are listed in Table 1 .
For assessment of 5-HT receptor mRNA expression, we selected osteoblasts from the control group at day 5 and day 15 to represent early and late stages of osteoblast differentiation, respectively. When the program was completed, we analyzed the real-time PCR products of 5-HT receptors by electrophoresis on a 1.5% agarose/ Tris-acetate-EDTA (TAE) gel and stained them with ethidium bromide to further confirm amplification specificity and amplicon size.
Western blot analysis
To assess alkaline phosphatase (ALP) protein expression, we performed Western blot analysis, as described elsewhere (30) . In brief, proteins were extracted from different experimental groups at day 10 and quantified. Twenty micrograms of supernatant protein samples were subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Following blocking, immunoblots were incubated with anti-ALP monoclonal antibody (1:10,000; Abcam, UK) overnight at 46C. A GAPDH antibody (Sigma) was used as a protein loading control. Blots were then incubated with horseradish peroxidase-conjugated secondary antibody (1:10,000; Bioworld, USA) at 376C for 1 h and visualized using a SuperSignal West Pico chemiluminescence substrate kit (Pierce, USA). The membranes were scanned using a Molecular Imager (Bio-Rad, USA), followed by data analysis using the Image Lab software (Bio-Rad). Data are reported as the protein-to-GAPDH ratio to correct for variations in protein loading.
Alkaline phosphatase activity assay ALP activity was assessed at day 10 using a phosphate assay kit (BioAssay Systems, USA), and the assessment was based on the cleavage of p-nitrophenyl phosphate, as described elsewhere (31) . The product of the enzyme reaction, p-nitrophenol, was assessed by measuring the absorbance at 405 nm. The protein concentration of each sample was measured using a bicinchoninic acid protein assay reagent kit (Pierce). ALP activity was expressed as the ratio of OD to protein content.
ELISA
At day 15, the amount of osteocalcin (OCN) released into the culture medium was measured using the commercially available Rat Osteocalcin EIA Kit (BT-490; Biomedical Technologies, USA), in accordance with the manufacturer's instructions. The ELISA plates were analyzed at 450 nm with a microplate reader (BioTek). The OCN concentration of each sample was calculated according to the standard curve.
Detection and quantification of mineralization
At day 15, we used Alizarin Red S (AR-S; Sigma) stain (32, 33) to determine the extent of mineralized matrix in the plates. In brief, cells were fixed in ice-cold 70% (v/v) ethanol and then stained with 40 mM AR-S, pH 4.2. The plates were incubated for 10 min at room temperature with gentle shaking. Stained monolayers were visualized by means of phase microscopy with an inverted microscope (Nikon, Japan). AR-S was released from the cell matrix by incubation in 10% (w/v) cetylpyridinium chloride in 10 mM Na 2 PO 4 , pH 7.0, for 15 min. The released dye was transferred to a 96-well plate and assessed at 562 nm using a microplate reader (BioTek).
Statistical analysis
All experiments were performed in triplicate, and the data are reported as means±SE. Statistical analyses were performed using the SPSS 13.0 software package (SPSS, USA). We performed one-way analysis of variance followed by the Dunnett post hoc test for multiple comparisons between groups. In all cases, P values less than 0.05 were considered to be statistically significant.
Results
5-HT inhibited proliferation of primary osteoblasts
Primary osteoblasts were incubated with 5-HT for 2 days, and the proliferation rate was measured as shown in Figure 1 . Compared to the growth of control cells, that of osteoblasts treated with 5-HT was inhibited. The inhibitory effect increased gradually in a dose-dependent manner as the 5-HT concentration increased (1-100 nM), but this effect was alleviated in the 10 mM and 1 mM groups (relatively high concentrations) and a reverse trend was shown.
5-HT affected the differentiation of primary osteoblasts
The effect of 5-HT on osteoblast differentiation was determined by measuring the expression of col1a1 mRNA, ALP, and OCN proteins after exposure to 5-HTcontaining media. Expression of col1a1 mRNA was significantly reduced (P,0.05) by the addition of 10 nM to 10 mM 5-HT. The 100 nM 5-HT group had the lowest levels of col1a1 gene expression (Figure 2A) .
Activity of ALP, a marker of bone formation, and expression of ALP protein were measured to assess the effect of 5-HT on osteoblast differentiation. ALP was expressed in osteoblasts during long-term cultivation, with maximum expression at day 10. ALP protein expression of the experimental groups (,1-100 nM) decreased gradually, and 100 nM 5-HT reduced protein expression most significantly (P,0.05). However, this inhibitory effect was attenuated when the concentration reached ,1-10 mM ( Figure 2B ). ALP enzyme activity ( Figure 2C ) in all groups showed a pattern that was similar to ALP protein expression.
OCN was expressed at a later stage of osteoblast differentiation and represented the beginning of bone matrix mineralization. We found that OCN content in the cultured supernatant of all groups, which reflects the amount of OCN synthesis of the osteoblasts, showed a ''V'' pattern, with the lowest level in the 100 nM group ( Figure 2D ). Interestingly, neither immunofluorescence nor Western blot analysis detected OCN protein expression in the osteoblasts (data not shown).
5-HT suppressed mineralization of primary osteoblasts
The effects of 5-HT on osteoblast mineralization were investigated at day 15 by using AR-S staining, which identifies calcium content within the bone matrix. Decreased mineralization relative to controls was observed in cultures treated with 5-HT (Figure 3 ). Mineralized nodule formation was reduced in all groups of 5-HT-treated osteoblasts, but this finding was statistically significant only at 100 nM to 10 mM 5-HT (P,0.05). Interestingly, the inhibitory effect rebounded with the increase in concentration from 1 mM to 10 mM 5-HT, similar to the pattern observed in results of proliferation and differentiation assays.
5-HT receptor mRNA in primary osteoblasts
Next, we detected which 5-HT receptor subtypes were expressed in rat primary osteoblasts. We harvested cells from the control group at days 5 and 15 to assess the relative mRNA expression of 5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2B , and 5-HT 2C , which are reported to exist in bones (19, 20, 25) . Our results indicated that all six subtypes of 5-HT receptors were present in rat osteoblasts, as shown in Figure 4 . Of these, 5-HT 1B and 5-HT 2A had the highest expression, at both early and late stages of osteoblast differentiation. Electrophoresis on agarose/ TAE gel further confirmed the presence of 5-HT receptors ( Figure 4C ).
Discussion
Our preliminary experiment characterized the differentiation of rat primary osteoblast cultures. Changes in ALP activity and differential gene expression characterize the following three distinct stages (34): growth (proliferation), up to 5-6 days; matrix maturation (or differentiation), up to 10-11 days; and mineralization, up to 15-16 days. Each of the three osteoblast-specific proteins that we analyzed reaches peak expression during a different stage (34) , which explains why we detected col1a1 at day 5, ALP at day 10, and OCN at day 15. Because there is a significant effect of cell density on the rate of osteoblast proliferation and differentiation, cytometry was used to ensure that the number of cells in each group was equal.
Our results showed that 5-HT at low concentrations resulted in a decrease in the proliferation rate of rat osteoblasts in a dose-dependent manner (in low-dosage groups). The presented results are consistent with, and also contradictory to, those of some previous studies. Our results were similar to those reported by Yadav et al. (20) . They found that proliferation of wild-type osteoblasts decreased when they were treated with 5-HT for 24 h.
Col1a1, ALP, and OCN, all synthesized by osteoblasts, are important components of the extracellular matrix and are indispensable for the onset of mineralization and bone formation. Therefore, the expression levels of these three proteins could reflect, to a large extent, the ability of osteoblasts to generate bones. Our results indicated that the addition of 5-HT did affect their expression profiles as well as the mineralization capability of osteoblasts. The dominant effect was inhibitory, especially in low-dosage 5-HT groups. However, 5-HT has also been reported to decrease expression of CycD1, CycD2, and CycE1 without affecting expression of col1a1 or of other genes characteristic of the osteoblast phenotype (20) .
However, at relatively high concentrations, this inhibition effect was significantly attenuated, and showed a trend to promote the proliferation and function of osteoblasts. In order to clarify this strange phenomenon, we next tried to detect which 5-HT receptor subtypes were expressed in rat primary osteoblasts, because the activation of different 5-HT receptors might cause different effects on osteoblasts.
We found all six of the 5-HT receptor subtypes (5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2B , and 5-HT 2C ) were found in rat osteoblasts. Of these, 5-HT 2A and 5-HT 1B receptors had the highest expression levels, at both early and late stages of differentiation. Consistent with our findings in rats, 5-HT receptors, including 5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2B , and 5-HT 2C , have been reported to be widely distributed in murine tissues (20, 35) . It has been reported that 5-HT promotes the growth of cells of various origins via the 5-HT 2A receptor (36, 37) . Expression of 5-HT 2B receptor mRNA was demonstrated in fetal chicken bone cells (19) . Occupancy of the 5-HT 2B receptor pharmacologically stimulated the proliferation of periosteal fibroblasts (19) . 5-HT may also facilitate osteoblast proliferation and differentiation, via the 5-HT 2B receptor (22) . Yadav and colleagues (20) have demonstrated that, among the known 5-HT receptors, only three are significantly expressed in osteoblasts: 5-HT 1B (the most highly expressed), 5-HT 2A , and 5-HT 2B . Subsequently, they confirmed that only the 5-HT 1B receptor was functional in osteoblasts and was critical to the signal transduction of 5-HT. 5-HT bound to the 5-HT 1B receptor caused a decrease in cyclin expression and osteoblast proliferation (20) . Based on the observations of these researchers and our data that 5-HT 1B and 5-HT 2A 5-HT receptor subtypes were primarily detected in osteoblasts in our experiments, we speculate that the cause of dual effects of 5-HT on bone metabolism may rely on the activation of different receptor subtypes. The 5-HT 1B receptor belongs to the Gai-protein coupled receptor (GPCR) and suppresses the activity of cAMP protein kinase A (PKA) after activation, thereby inhibiting bone formation (20) . Meanwhile, the inhibition of PKA leads to phosphorylation of activating transcription factor 4, stimulating the differentiation of osteoclasts (38) . However, the 5-HT 2A/B receptor belongs to the Gaq/11-GPCR, which transducts signals through the phospholipase C-inositol phosphate 3/diacylglycerol-protein kinase C (PLC-IP3/DAG-PKC) signaling pathway. Activation of this signaling pathway can promote the proliferation of osteoblasts and promote bone formation (24) .
The signaling pathways of 5-HT 1B and 5-HT 2A/B receptor subtypes are remarkably similar to those of the parathyroid hormone (PTH) receptor PTH1R. PTH1R, which also belongs to GPCR, regulates osteoblast proliferation, differentiation, and function through the cAMP-PKA and PLC-IP3/DAG-PKC signaling pathways (39) . PTH can produce both anabolic and catabolic effects by activating different signaling pathways, depending on its administration method. PTH, at relatively high concentrations, is required for efficient activation of the PLC-PKC pathway; this is in contrast to activation of the cAMP-PKA pathway, which occurs at low concentrations in the same cell host (39) .
Given all that, we speculate that 5-HT at low concentrations activates the 5-HT 1B receptor, which leads to the antiproliferation of osteoblasts. At relatively high concentrations, it may activate the 5-HT 2A/B receptor, resulting in osteoblast proliferation. Because osteoblast number and cell viability at the end of the growth period will have a sustained impact on the subsequent differentiation progress, the effects of 5-HT on osteoblast differentiation and mineralization might also be secondary to its proliferation-regulating effect. This might explain the dual and perplexing effects of 5-HT on osteoblast proliferation and function. Additionally, GPCRs are well known for their ability to become desensitized upon exposure to excess ligand. 5-HT at concentrations of 1-10 mM might have led to the desensitization of 5-HT 2A and 5-HT 1B receptors, which might also be the cause of this phenomenon. To elucidate this mechanism, further studies are warranted, and selective agonists and antagonists specific to 5-HT receptor subtypes will be required, as well as an analysis of receptor-binding activities of each receptor subtype.
In summary, our study confirmed that 5-HT could impair the proliferation of osteoblasts at low concentrations, leading to decreased differentiation and matrix deposition. However, at high concentrations, this inhibition was significantly attenuated, and showed a trend to promote bone formation. The receptors 5-HT 1A , 5-HT 1B , 5-HT 1D , 5-HT 2A , 5-HT 2B , and 5-HT 2C were all present at early and late stages of osteoblast differentiation, while receptors 5-HT 2A and 5-HT 1B were most expressed. These data suggest that 5-HT plays a significant role in the modulation of bone metabolism. The cause for the dual effects of 5-HT on bone metabolism may rely on the different signaling pathways of these two receptor subtypes.
